Although PPV infects systemically several species of the Nicotiana genus, such as N. clevelandii and N. benthamiana, and replicates in the inoculated leaves of N. tabacum, it is unable to infect systemically the last host. The long-distance movement defect of PPV was corrected in transgenic tobacco plants expressing the 5-terminal region of the genome of tobacco etch virus (TEV), a potyvirus that infects systemically tobacco. The fact that PPV was unable to move to upper noninoculated leaves in tobacco plants transformed with the same TEV transgene, but with a mutation in the HC protein (HC-Pro)-coding sequences, identifies the multifunctional HC-Pro as the complementing factor, and strongly suggests that a defect in an HC-Pro activity is responsible for the long-distance movement defect of PPV in tobacco. Whereas PPV HC-Pro strongly intensifies the symptoms caused by potato virus X (PVX) in the PPV systemic hosts N. clevelandii and N. benthamiana, it has no apparent effect on PVX pathogenicity in tobacco, supporting the hypothesis that long-distance movement and pathogenicity enhancement are related activities of the potyviral HC proteins. The movement defect of PPV in tobacco could also be complemented by cucumber mosaic virus in a mixed infection, demonstrating that at least some components of the long-distance machinery of the potyviruses are not strictly virus specific. A general conclusion of this work is that the HC-Pro might be a relevant factor for controlling the host range of the potyviruses.
Plant viruses must accomplish three main steps to complete their infection cycle: (i) replication inside the cell, (ii) cell-tocell movement through plasmodesmata, and (iii) long-distance movement through the vascular tissue. It is the exception rather than the rule that viruses can successfully infect plants, and it is thought that, in most cases, host range limitations are the result of restrictions to virus movement rather than to the inability to replicate within cells (26) . Viral proteins involved in cell-to-cell movement have been well characterized, specially the movement protein (MP) of tobacco mosaic virus (TMV). Abundant experimental evidence suggests that TMV MP, which is a nucleic acid binding protein (12) , may facilitate intracellular and intercellular trafficking of the viral RNA through its interactions with the cytoskeleton and with plasmodesmata (30, 43, 63) . Although several groups of viruses have MPs similar to that of TMV, many others have MPs of other types, such as those encoded by the triple gene block or the tubule-forming MPs (for a review, see references 10 and 19) . Much less is known about the functions of viral proteins involved in long-distance movement. Usually, the coat protein (CP) is essential for efficient movement of plant viruses outside the inoculated leaves, although this is not a general rule. Moreover, there is genetic evidence indicating that MPs may perform specific long-distance movement functions. Proteins other than the CPs and the MPs, such as the potyviral HC protein (HC-Pro), the genome-linked protein (VPg), the cucumoviral 2b, or the tombusviral p19, are also involved in long-distance movement (for a review, see references 10, 13, 26, and 58).
The major contribution of movement defects to host range restrictions suggests that specific host factors could play key roles in virus movement. Both cell-to-cell and long-distance movements have been shown to depend on interactions between virus proteins and species-specific plant factors. However, in spite of the extensive divergence among different virus groups of the movement mechanisms derived from these interactions, they appear to be able to facilitate the transport of a wide range of heterologous viruses. Thus, many viruses belonging to different taxonomic groups have been shown to be able to complement one another's movement functions in nonhost plants (28, 29, 42, 62) . Moreover, several studies have shown that different viral proteins, expressed from transgenes (for examples, see references 14, 25, and 32), heterologous sequences cloned in defective genomes (for examples, see references 18, 22, 44, 55 , and 61), or cotransfected plasmids (for examples, see references 1 and 21), can functionally replace nonhomologous proteins from other viruses, sometimes resulting in an extension of their virus host ranges.
Plum pox virus (PPV) is a member of the Potyvirus genus (39) . The potyvirus genome consists of a messenger-polarity RNA molecule of about 10 kb, which is translated into a polyprotein that is proteolytically processed by three virusencoded proteinases in up to 10 final protein products (51, 52) . At least four potyvirus proteins, CP, HC-Pro, the cylindrical inclusion protein, and the genome-linked protein (VPg), as well as the small 6K 2 peptide, are involved in potyvirus movement (reviewed in reference 51). Moreover, both 6K 2 and VPg are host-specific determinants for potyvirus movement (46, 48, 57) .
In nature, PPV infects trees of the Prunus genus (66) . However, the experimental host range of PPV is quite broad, including herbaceous species of several families (65) . Namely, PPV infects and systemically replicates to high titers in several species of the Nicotiana genus, such as N. clevelandii and N. benthamiana. In contrast, PPV is not able to establish a systemic infection in N. tabacum. In this paper, the molecular basis of this deficiency is studied to gain insight in virus factors involved in host-specific interactions required for potyvirus movement. We show that PPV is able to cause a local infection in N. tabacum without inducing a general systemic resistance in noninoculated leaves and that the PPV deficiency for longdistance movement in this host can be complemented by HCPro from a tobacco-infecting potyvirus and by still-undetermined factors from a nonrelated virus.
MATERIALS AND METHODS
Viruses. Virus progeny derived from pGPPV (strain D) (53) was used for most of the experiments. PPV-SwC (strain C) (16) and different variants of the PPV-PS isolate (strain M) (56) were also used to assess the susceptibility to PPV infection of Nicotiana tabacum. Tobacco etch virus (TEV) and the Fny strain of cucumber mosaic virus (CMV) were provided by E. Rodriguez-Cerezo, (Centro Nacional de Biotecnología, Madrid, Spain) and F. García-Arenal (Universidad Politécnica, Madrid, Spain), respectively. Infections with potato virus X (PVX) and PVX/PPV chimeric viruses were achieved by inoculation with capped RNA obtained by in vitro transcription of pP2C2S (a derivative of pGC3 provided by D. Baulcombe [11] ) and of pPVX-HCK109G232 and pPVX-HCE109S232 (56), respectively. pP2C2S contains the full-length cDNA sequence of the wild-type PVX genome. pPVX-HCK109G232 and pPVX-HCE109S232 are pP2C2S derivatives with insertions in the PVX sequence of HC-Pro-coding sequences from two PPV-PS variants that differ in symptom severity; these foreign sequences are placed under the control of a duplicate of the PVX CP subgenomic promoter.
Plants. The tobacco transgenic line U6-B transformed with a cDNA fragment from the 5Ј end of the TEV genome (9) and six independent tobacco transgenic lines transformed with the same genomic fragment but with different mutagenic insertions in the P1-or HC-Pro-coding sequences (59) have been described previously. Tobacco transgenic lines transformed with the TEV CP-coding sequence (FL3.3 [38] ) and with a cDNA fragment from the 5Ј end of the tobacco vein mottling virus genome (B8, provided by Emilio Rodríguez-Cerezo [45] ) have also been described.
All transgenic plants were grown from seeds germinated in the presence of kanamycin at a concentration of 100 g/ml.
Inoculation and sampling. Young N. tabacum (four-leaf stage), N. benthamiana (five-leaf stage), and N. clevelandii (four-leaf stage) plants were inoculated by rubbing inocula onto three leaves dusted with Carborundum. Crude sap from N. clevelandii plants infected with PPV (1 g in 2 ml of 5 mM sodium phosphate, pH 7.2) or N. tabacum plants infected with CMV or TEV (1 g in 4 ml of 5 mM sodium phosphate, pH 7.2) was used as the source of inoculum for these viruses. For PVX and PVX/PPV recombinant viruses, plants were infected either with transcripts obtained from SpeI-linearized plasmids, as previously described (56) , or, in coinoculation experiments, with extracts of transcript-infected plants.
In the coinoculation experiments, the two inocula were mixed just before being applied to the Carborundum-dusted leaves. For sequential inoculation, the first virus was inoculated as described above and, 3 weeks later, the second virus was inoculated by the same procedure in three leaves with symptoms placed immediately above those first inoculated.
Plants were maintained in the greenhouse, and virus accumulation was assessed at different days postinoculation (d.p.i.) by Western blot analysis and by double antibody sandwich indirect-enzyme-linked immunosorbent assay (ELISA) with the REALISA kit (Durviz). Samples consisted in two to four discs of 7-mm diameter collected from symptomatic areas of the leaf, or randomly when no symptoms were visible.
Expression of HC-Pro was assessed by Western blot analysis using the serum of a rabbit immunized with His-tagged PPV HC-Pro produced in Escherichia coli (unpublished results). Anti-PPV-HC-Pro sera provided by Michel Ravelonandro (INRA, Villenave D'Ornon, France) and E. Maiss (University of Hannover, Germany) were used in preliminary experiments.
RESULTS
PPV causes a local infection in N. tabacum. PPV replicates, spreads systemically, and accumulates to high titers in several species of the genus Nicotiana, especially N. clevelandii, which has been used as an indicator plant for the virus. However, PPV induces symptoms only in inoculated leaves of N. tabacum (35, 65) . To investigate whether the absence of systemic symptoms is the result of a long-distance movement failure of PPV in this host, N. tabacum cv. Xanthi plants were inoculated with sap from N. clevelandii plants infected with virus progeny of the PPV cDNA clone pGPPV. The inoculated leaves displayed quite mild symptoms, consisting of small rings and spots that tended to necrotize (Fig. 1) . No systemic symptoms could be observed in any case. ELISA tests (not shown) and Western blot analysis (Fig. 1) confirmed that PPV accumulated in the inoculated leaves but, in contrast with N. clevelandii and N. benthamiana infections, was undetectable in upper noninoculated leaves.
To assess the specificity of the defect of PPV in long-distance movement in tobacco, different cultivars of this plant species (Samsum, Kentucky 14, Burley 21, and Havana 425) were infected with several isolates of the PPV strains D, C, and M. The results were similar in all cases, and the virus remained A nonrelated virus can complement the systemic movement defect of PPV in N. tabacum. In some occasions, viruses that are able to infect a given plant could act as helpers to facilitate the movements of other viruses unable to move by themselves systemically in that plant (3). Thus, whether or not other viruses that were able to systemically infect tobacco could facilitate the long-distance movement of PPV in this host was tested. Both coinoculations and sequential inoculations were assayed (Fig. 2) . No systemic movement of PPV was detected when it was coinoculated with a potyvirus, TEV, or with a helical virus from another family, PVX. PVX had no major effect on the capacity of PPV to infect the inoculated leaves of N. tabacum (92% of the inoculated plants were infected). However, coinoculation with TEV appeared to reduce both the infectivity (only 33% of the inoculated plants were infected; Fig. 2 ) and the levels of PPV accumulation in the inoculated leaves, estimated by ELISA (data not shown).
In contrast, PPV was able to infect leaves above the inoculated ones when it was inoculated together with the icosahedral virus CMV. Although almost all the coinoculated plants became systemically infected with PPV, it displayed an erratic distribution on the upper noninoculated leaves. The highest leaf in which we detected PPV was the third above the last one inoculated, at 13 d.p.i. Gal-On et al. (23) have reported that, in tobacco, many CMV strains cause cycles of acute disease followed by no symptoms. This was also the pattern of CMV infection that we observed in our experiments. Interestingly, extinction of PPV in coinfected plants correlated with the first vanishing of CMV symptoms, suggesting that CMV levels in the symptomless leaves are not sufficient to supply the movement function required for PPV progression.
No movement complementation was observed in any of the sequential inoculations (Fig. 2 ). In these experiments, N. tabacum plants were inoculated first with putative helper viruses and 20 d.p.i. with PPV in symptomatic systemically infected leaves. PPV was detected exclusively in inoculated leaves of plants infected with CMV. In the TEV-infected plants, PPV was incapable of infecting even the inoculated leaves, in agreement with the decrease in PPV infectivity observed in the PPV/TEV coinoculation experiments. Transgenic expression of the 5-terminal region of the TEV genome complements the movement defect of PPV in N. tabacum. The interference of PPV by TEV in tobacco could be obscuring a putative TEV activity that is able to complement the movement defect of PPV. We assessed the possibility that stable transgenic expression of proteins from potyviruses that are able to infect tobacco could facilitate systemic movement of PPV.
Plants of N. tabacum cv. Xanthi transformed with the 5Ј-terminal region of the TEV genome including the coding sequences for P1 (with an insertion of nine nucleotides at genome position 973 in the P1-coding sequence), HC-Pro, and part of P3 (line 1031-1XB) (59) , N. tabacum cv. Burley 49 transformed with the CP-coding sequence of TEV (line FL 3.3) (38) , and N. tabacum cv. Burley 21 transformed with the 5Ј-terminal region of the tobacco vein mottling virus (TVMV) genome, including the coding regions for P1, HC-Pro, P3, and part of 6K 1 (line B8) (45) , were used in the initial experiments and inoculated with PPV (Fig. 3) . Some upper noninoculated leaves from plants expressing the 5Ј-terminal region of the TEV genome (line 1031-1XB) showed small chlorotic spots that were not observed in any of the other plants ( Lines 1031-1XB, 1031-2XC, and 1031-3XE contained insertions affecting the P1 protein after residues 157, 188, and 247, respectively. Line 1210-6XI contained an insertion affecting HC-Pro after residue 62. Lines 1115-IXK-1 and 1115-3XK-2 contained independent insertions affecting HC-Pro after residue 122. Transgenic line U-6B contained the wild-type TEV 5Ј sequence in N. tabacum cv. Havana 425 (Fig. 4 and Table 1 ).
Plants of these transgenic lines were inoculated with PPV, and the infection was monitored by visual observation of the symptoms and measurement of virus accumulation by ELISA. All plants, except those of U6-B and 1210-6XI lines, showed local lesions resembling those of the nontransgenic plants (not shown). Upper noninoculated leaves of plants with transgenes that had an insertion in the P1-coding sequence (1031-1XB, 1031-2XC, and 1031-3XE) exhibited symptoms (Fig. 4) . Chlorotic spots similar to those observed in the 1031-1XB plants were detected in the 1031-2XC and 1031-3XE plants. However, the most striking symptom associated with PPV infection in the 1031-2XC and 1031-3XE plants was a strong vein yellowing, which could be observed, but was much milder, in leaves close to the inoculated leaves of 1031-1XB plants. Sys ELISA data revealed a positive correlation between PPV accumulation and the appearance of symptoms, except for lines U6-B and 1210-6XI (both asymptomatic) ( Table 1 ). In agreement with the symptom screening, ELISA data showed that virus progression halted earlier in 1031-1XB plants (between 30 and 45 d.p.i.) and only reached five or six leaves above the inoculated leaves. In plants of the 1031-2XC and 1031-3XE lines, movement of PPV occurred over a longer period (more than 60 d.p.i.), although, as suggested by symptoms, no virus was detected in the topmost leaves of the infected plants. Plants of the line 1210-6XI had severe developmental abnormalities. They showed a marked dwarfism and a progressively decreasing internode length, making it difficult to collect samples from individual leaves at late development times. In spite of the fact that no phenotypic differences between healthy and PPV-inoculated 1210-6XI plants could be observed, ELISAs demonstrated that PPV infected the inoculated leaves and was able to move systemically in these plants. PPV HC-Pro does not exacerbate the PVX symptoms in N. tabacum. Interaction between PVX and potyviruses, including TEV, leads to a synergistic increase of symptom severity compared with single infections. It was shown that HC-Pro is sufficient to induce this enhancement of PVX pathogenicity (47) . The same enhancement effect was demonstrated for PPV HCPro when it was expressed from sequences cloned in the PVX genome in N. clevelandii and N. benthamiana, two systemic hosts for PPV (56) (Fig. 5) . Since PPV HC-Pro appears to lack the activity required for virus movement in tobacco, PVX enhancement activity in N. tabacum was also tested. The same PVX chimeras harboring different variants of PPV HC-Pro that were shown to cause an exacerbated disease in PPV systemic hosts were inoculated in tobacco. Although Western blot analysis demonstrated that PPV HC-Pro accumulated in the systemically infected leaves (data not shown), neither HCK109G232 nor HCE109S232 (derived from a mild and a severe PPV isolate, respectively [56] ), enhanced PVX symptoms in tobacco (Fig. 5) .
Local infection of PPV in N. tabacum plants does not induce a systemic resistance in the whole plant. It was proposed that the long-distance function of the potyvirus HC-Pro could result from the counteraction of an induced defensive response of the plant that prevents the development of the infection in new leaves (34) . The discovery of HC-Pro as a suppressor of posttranscriptional gene silencing (2, 7, 33) is consistent with this hypothesis.
To test if the blockage of long-distance movement of PPV in tobacco could be due to an anti-PPV response triggered by local infection in the inoculated leaves, tobacco plants previously infected with PPV were challenge inoculated in upper leaves at 10 d.p.i. Virus accumulation was assayed by ELISA at 20 d.p.i. (Fig. 6 ). Both leaves from plants previously infected with PPV and mock-inoculated leaves were infected after the challenge inoculation. In all cases, the second infection also remained local, with no virus detected outside the inoculated leaves. Similar results were obtained when the first PPV inoculation was done in a half or a quarter of a leaf, and challenge inoculation was done in the noninoculated part of the same leaf. Symptoms were not detected in the noninoculated area of the leaf, but the leaf remained susceptible to PPV reinoculation (data not shown).
DISCUSSION
Different PPV isolates cause in the inoculated leaves of N. tabacum irregular spots that tend to necrotize (Fig. 1) . Similarly, some PPV isolates also produce necrotic lesions in the inoculated leaves of N. clevelandii and Nicotiana occidentalis that are usually more regular and conspicuous than those of N. tabacum. However, whereas PPV infection remains confined to the inoculated leaves of N. tabacum, it invades systemically both N. clevelandii and N. occidentalis, as well as other Nicotiana species such as N. benthamiana (56) . These facts suggest that PPV factor(s) are able to induce a hypersensitive response (HR)-like response in plants of the Nicotiana genus, which, at least in some species, is not able to block the systemic spread of the virus. Usually, the hypersensitive reaction is associated with disease resistance. However, there are some reports showing that formation of local lesions and blockade of pathogen spread are separable events in some circumstances (for examples, see references 5, 31, and 37). Since HR induction appears to be a dominant character, the fact that the movement defect of PPV in tobacco can be complemented by virus factors supplied by virus coinoculation (Fig. 2) or by transgene expression (Fig. 3 ) strongly suggests that the HR-like response of N. tabacum, like those of N. clevelandii and N. occidentalis, is not relevant for PPV localization. The development of unaltered local symptoms of PPV in the complementing transgenic plants supports this assumption. Thus, either other plant defense mechanisms or host-specific defects of the movement machinery of PPV must be responsible for its local confinement in N. tabacum.
We took different approaches to identify the PPV factors involved in restriction of the movement of this virus in tobacco. Five potyviral protein products have been shown to participate in virus movement (reviewed in reference 51). The CP is involved both in cell-to-cell and in long-distance movement. However, transgenic expression of CP from TEV could not correct the movement defect of PPV in tobacco (Fig. 3) . We have not analyzed whether host-specific deficiencies of three other movement proteins, cylindrical inclusion protein, 6K 2 , and VPg, are relevant for the localization of PPV in tobacco. Interestingly, transgenic expression of the 5Ј-terminal region of the TEV genome (including the P1 and HC-Pro coding sequences) facilitated the movement of PPV to upper noninoculated leaves of tobacco (Fig. 3) . The fact that a mutation in the HC-Pro-coding sequence, but not in the P1-coding region, disturbed the complementing activity (Fig. 4 ) strongly suggests that PPV HC-Pro is the deficient factor in tobacco infection, a factor whose function is provided by HC-Pro from a potyvirus able to spread systemically in this plant.
Although PPV was able to move to upper noninoculated leaves in all the transgenic lines expressing the 5Ј-terminal fragment of the TEV genome without insertions in the central region of the HC-Pro-coding sequence, the pattern of infection was different in each of them. The possibility exists that the TEV P1 protein collaborates with HC-Pro in promoting PPV long-distance movement and that mutations affecting P1 modify the capacity of the transgenic plants to support movement of PPV. Although P1 is not essential for potyvirus movement (68), a collaborative action of P1 and HC-Pro was reported, namely on the stimulation of PVX minus-strand RNA synthesis in TEV/PVX mixed infections (47) . Thus, we cannot rule out the possibility that small changes in PPV replication in the transgenic lines expressing different forms of the P1 protein could affect the ability of the virus to spread throughout the whole plant. However, we think that it is more likely that changes in the expression levels of HC-Pro could be the cause of the different movement patterns of PPV in the transgenic lines. In this regard, it has been reported that the level of HC-Pro accumulation in the line 1031-1XB was lower than in the rest of the transgenic lines (59) , and among the lines that are able to support long-distance movement of PPV, this is the one that appears to spread to upper leaves with the least efficiency (Table 1) . Similarly, 1031-3XE, which was reported to have the highest level of HC accumulation (59) , is the line that appears to propagate PPV best (Table 1) . We have not compared the levels of accumulation of HC-Pro in the TEV transgenic plants with that of TVMV HC-Pro in the B8 plants, although the analysis of published data may indicate that the amount of transgenic protein in B8 plants is even lower than that of 1031-1XB (45, 59) . This low accumulation level of the transgenic HC-Pro could account for the failure of the B8 plants to support long-distance movement of PPV, although biological activity of TVMV HC expressed in the B8 plants, either to facilitate aphid transmission (6) or to enhance PVX symptomatology (67) , has been reported. Alternatively, it is also possible that the HC-Pro of TEV and that of TVMV differ in their capacity to stimulate long-distance movement of PPV in tobacco. Surprisingly, TEV is not able to act as a helper virus to facilitate long-distance movement of PPV in tobacco, in spite of the fact that active HC-Pro is produced in the mixed infections (Fig. 2) . There are precedents of proteins that complemented virus defects when they were expressed from transgenic plants or from chimeric virus genomes but were unable to do so in mixed infections (18, 25) . TEV also appears to interfere with PPV local infection in tobacco, especially after sequential inoculation (Fig. 2) . This interference is host-and virus-specific, since it was not observed with N. clevelandii, a common host for PPV and TEV (data not shown), or, in tobacco, in mixed infections of PPV with PVX or CMV (Fig.  2) . A possible explanation for this is that, in tobacco, HC-Pro of TEV could compete with a partially dysfunctional PPV HC-Pro for viral and/or host factors required to support PPV local and systemic infection.
Even in the best-complementing transgenic lines, systemic infection by PPV appears to be relatively inefficient. Progression of the infection is slow, and although the virus reached at least 20 leaves above the inoculated leaves, it was detected only when the leaf was in an advanced developmental stage (Table  1) . This could be due to the following factors: (i) the levels of transgenic TEV HC-Pro may be suboptimal for PPV infection, (ii) TEV HC-Pro may not be completely compatible with the movement machinery of PPV, (iii) the movement deficiency of PPV in tobacco could result from the additive effects of several PPV-encoded factors in addition to HC-Pro, and (iv) the partially inactive HC-Pro from PPV could interfere with the complementing TEV HC-Pro (dominant negative effect). The data currently available do not enable us to favor any of these possibilities.
HC-Pro is a multifunctional protein (41) with proteolytic activity (8) , which is able to bind RNA in vitro (40) and to interact with itself (64) . In addition to its function in aphid transmission (6), HC-Pro has been implicated in maintenance of genome amplification (36, 38) , cell-to-cell and long-distance movements (17, 36, 54, 57) , symptom expression (4, 24, 56) , and enhancement of pathogenicity (47, 59, 67) and of longdistance movement (60) of other viruses in mixed infections. The fact that mutations that caused defects in long-distance movement and in synergistic enhancement of PVX pathogenicity map to the same central region of HC-Pro and appear to be associated with a premature shutoff of virus RNA synthesis in infected protoplasts prompted the suggestion that the roles of HC in genome amplification, long-distance movement, and pathogenicity enhancement might be related and associated with a function of HC-Pro in interference with an induced host defense system (34, 47) . The more recent discovery of the role of HC-Pro as a suppressor of posttranscriptional gene silencing (PTGS) supports this hypothesis (2, 7, 33) . We have observed that PPV HC-Pro has a strong enhancement effect on the pathogenicity of PVX in N. clevelandii and N. benthamiana (Fig. 5) (56) , but it does not intensify the symptoms of this virus in tobacco, in which PPV cannot move out of the inoculated leaf without the help of the HC-Pro of TEV (Fig. 5) . These data support the hypothesis that the functions of the potyviral HC-Pro in pathogenicity enhancement and in long-distance movement have an overlapping molecular basis and suggest that the same defect limits both functions of the PPV HC-Pro in tobacco. In agreement with this assumption, mutations that have been shown to eliminate the capacity of TEV HC-Pro to enhance PVX pathogenicity (59) impede complementation of the movement defect of PPV in tobacco (Fig. 4) .
It was shown that the upper leaves of plants infected with some viruses are symptom free, contain very reduced levels of virus, and are protected against a secondary virus infection by a PTGS-like mechanism induced by the primary infection (15, 49, 50) . It was proposed that this systemic resistance is established when the infecting virus lacks a strong PTGS suppressor. No evidence for this type of induced resistance was observed with tobacco plants locally infected with PPV, as they remain susceptible to further local infection by a secondary PPV inoculation (Fig. 6 ). This result might suggest that the defect of HC-Pro in the PPV-infected tobacco affects a positive function directly involved in virus movement. However, we cannot rule out the possibility that PPV confinement in the inoculated leaf could be the consequence of the triggering of a localized PTGS-like response. For instance, silencing restricting PPV movement may be triggered specifically in or around vascular cells, and this may not have been detected in the challenge inoculation experiments.
It is not unusual that movement defects of a virus in a plant could be complemented by a helper virus able to spread in this plant (3) . We have shown that PPV can move systemically in tobacco when it is coinoculated with CMV (Fig. 2) . Interestingly, CMV facilitates long-distance movement of another potyvirus, pepper mottle virus, in the resistant cultivar Avelar of Capsicum annuum (27) , although, in contrast with PPV in tobacco, pepper mottle virus appears to reach some old noninoculated leaves at very late times postinoculation in the single infections. A likely candidate to be the CMV factor complementing the PPV movement defect in tobacco was the 2b protein. This protein is known to be involved in CMV longdistance movement (20) and, like potyvirus HC-Pro, is a suppressor of PTGS (7) . However, a chimeric virus that expressed the 2b protein of CMV as part of the PPV polyprotein infected systemically N. clevelandii and N. benthamiana very efficiently but caused the same local infection as wild-type PPV in to- VOL. 76, 2002 PPV LONG-DISTANCE MOVEMENT IN TOBACCO 1929 bacco (results not shown). The significance of this result is limited, however, by the observation that a PPV chimeric virus expressing TEV HC-Pro was also unable to move to upper noninoculated leaves in tobacco (results not shown). Thus, further research is still needed to know which is/are the factor(s) of CMV that stimulate(s) PPV systemic spread in tobacco. In summary, this work demonstrates that the movement deficiency of PPV in tobacco can be compensated by factors of related or unrelated viruses and that the function in longdistance movement of the silencing suppressor HC-Pro might be a very relevant factor for controlling the host range of potyviruses.
